Introduction {#S0001}
============

In recent decades, chemotherapy has improved the prognosis of patients with malignancies; however, there have been serious side effects, including ovarian failure or infertility.[@CIT0001],[@CIT0002] The serious side effects related to ovarian dysfunction include vasomotor symptoms, osteoporosis, increased risk of cardiovascular disease, sexual dysfunction and infertility, and therefore represent an important problem, especially in adolescent and young women.[@CIT0003] Protection against iatrogenic infertility and loss of the endocrine ovarian function caused by chemotherapy is currently considered a high priority.[@CIT0004] Cyclophosphamide, which is categorized as an alkylating drug, is commonly used as chemotherapeutic and immunosuppressive agent for the treatment of patients with malignancy or autoimmune disease. The American Society of Clinical Oncology (ASCO) guideline shows that treatment with cyclophosphamide \>7.5 g/m^2^ carries a risk of including further infertility in patients with pediatric cancer,[@CIT0005] and the Childhood Cancer Survivor Study (CCSS) support this, with findings showing that treatment with cyclophosphamide \>11.3 g/m^2^ carries a risk of including infertility;[@CIT0006] cyclophosphamide treatment can also lead to impaired fertility or ovarian failure due to destruction of follicles.[@CIT0007]--[@CIT0009] Previous studies have demonstrated follicular decline after cyclophosphamide treatment, and have indicated that apoptotic changes in granulosa and theca cells are the mechanism that leads to follicle loss.[@CIT0010]

In previous reports, testosterone was shown to be essential for normal follicular development; it enhances follicular recruitment,[@CIT0011] promotes follicular growth and development,[@CIT0012] increases the insulin-like growth factor 1 expression in the primate ovary to induce follicular development,[@CIT0013] and increases follicular sensitivity to follicle-stimulating hormone via the androgen receptor.[@CIT0014],[@CIT0015] However, high concentrations of testosterone inhibit follicle development through the regulation of the follicle-stimulating hormone signaling pathway.[@CIT0016] Gonadotropin-releasing hormone analogues, which inhibit the proliferation of granulosa cells and growth of follicles, resulting in the preservation of premature follicles in the ovary, have been administered to prevent chemotherapy-related amenorrhea in patients of reproductive age who are undergoing chemotherapy. Similar to the effects of gonadotropin-releasing hormone, high concentrations of testosterone induced follicle development arrest. We therefore hypothesized that testosterone has a potential therapeutic application in preventing the decline of the ovarian function in patients undergoing chemotherapy. The aim of this study was to evaluate the protective effect of testosterone in preventing the decline of the ovarian reserve during cyclophosphamide treatment.

Materials and Methods {#S0002}
=====================

Reagents and Antibodies {#S0002-S2001}
-----------------------

The rabbit monoclonal anti-human β−actin antibodies (4970, Cell Signaling Technology, Inc., Danvers, MA, USA) and the rabbit polyclonal anti-human BimEL antibodies (ab\#2819, Abcam, Cambridge, MA, USA) were used for immunoblotting. The rabbit polyclonal anti-human Cleave-caspase-3 antibody (Merck Millipore, Billerica, MA, USA) was used for immunoblotting and immunohistochemistry. The cyclophosphamide and testosterone used in the in vitro and in vivo experiments were purchased from Selleck Chemicals (Houston, TX, USA). Flutamide was purchased from Sigma-Aldrich (St. Louis, MO, USA). BD Falcon™ 96-well microplates (BD, Franklin Lakes, NJ, USA) were used for the cell proliferation assays.

Cell Lines and Conditioned Media {#S0002-S2002}
--------------------------------

We used the human granulosa cell line COV434 in this study. COV434 cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA) in 2015. The authentication was obtained by Human STR Profiling Cell Authentication Service, and mycoplasma test was tested in all cell lines. All of the experiments were performed at \<15--20 passages.

COV434 cells were grown in Dulbecco's Modified Eagle's Medium supplemented with 10% charcoal-stripped fetal bovine serum (Equitech-Bio, Kerrville, TX, USA) in an atmosphere of 5% CO~2~ at 37°C. Serum-free Dulbecco's Modified Eagle's Medium was used for cell starvation.

After 2-h starvation, the COV434 cells were treated with various concentrations of testosterone (0, 10, 100 nM) with or without testosterone inhibitor flutamide and incubated for 6 h. Subsequently, various concentrations of cyclophosphamide (0, 1, 10, 100, 1000 μM) were added and incubated for 48 h. The MTS assay, immunostaining, caspase-3 activity assay and Western blotting were then performed. COV434 cells treated with testosterone at concentrations exceeding 100 nM had no proliferative activity. Previous study has shown that testosterone at a concentration of 10 nM is close to the physiological value.[@CIT0017] We therefore set the concentration of testosterone 10 nM.

Western Blotting {#S0002-S2003}
----------------

Pierce Radio-Immuno Precipitation Assay Buffer (Thermo Fisher Scientific, MA, USA) was used to prepare total proteins. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed to separate whole-cell proteins into equal amounts, which were then electro-transferred to nitrocellulose membranes. Non-specific antigen sites were blocked with 10% bovine serum albumin in 1× Tris-buffered saline for 1 h. Western blotting was performed using the above-described specific primary antibodies. Immunoreactive bands in immunoblots were visualized with horseradish peroxidase-coupled goat anti-rabbit immunoglobulin by an ECL Plus (GE Healthcare Life Sciences, Pittsburgh, PA, USA), which is an enhanced chemiluminescence Western blotting system. All experiments were repeated at least three times and yielded similar results on each occasion.

Detection of Apoptotic Cells {#S0002-S2004}
----------------------------

COV434 GC cell apoptosis under various conditions was assessed using a caspase activity assay with the CspACETM FITC-VAD-FMK In Situ Marker (Promega, WI, USA), according to the manufacturer's instructions. A confocal laser scanning microscope (Carl Zeiss Microscopy GmbH, Gottingen, Germany) was used to analyze the slides, and flow cytometry was performed using a Fluorescence-activated cell sorter system, to quantify the level of apoptosis according to the rate of testosterone depletion. For each sample, approximately 10,000-gated events were analyzed. The analysis of the results was performed with the Windows Multiple Document Interface for Flow Cytometry software program, and the rate of apoptosis was determined.

The Enzyme-Linked Immunosorbent Assay (ELISA) {#S0002-S2005}
---------------------------------------------

Serum samples were collected from mice and immediately centrifuged. Sera were stored at −20 °C. An enzyme-linked immunosorbent assay with a human anti-Mullerian hormone immunoassay (Abcam, Cambridge, MA) was performed, in accordance with the manufacturer's instructions, to analyze the serum anti-Mullerian hormone levels. Absorbance was read at 450 nm with an absorbance microplate reader (Corona SH-1000Lab, Corona Electric Co. Inc, Ibaraki, Japan). The concentrations of the sample concentrations were determined by interpolation from the standard curve. Five independent experiments were performed. The results were expressed as the mean ±standard deviation.

H&E Staining and Immunohistochemistry {#S0002-S2006}
-------------------------------------

Tissue samples were fixed in formalin and embedded in paraffin. For antigen retrieval, deparaffinized and rehydrated sections (thickness: 4 µm) were autoclaved in 0.01 mol/L citrate buffer (pH 6.0) for 15 min at 121°C. Endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide solution in methanol for 30 min. The sections were then incubated at 4°C for 12 h with an anti-cleaved caspase-3 antibody at 1:800 dilution. Sections were subsequently washed with 1× phosphate-buffered saline, then incubated with Histofine Simple Stain MAX PO (multi; Nichirei) for 30 min at room temperature. The sections were then washed with 1×phosphate-buffered saline and visualized by incubating with H~2~O~2~/diaminobenzidine substrate solution for 5 min. Finally, the sections were counterstained with hematoxylin before dehydration and mounting. The immunohistochemical data were analyzed by two independent pathologists who were blinded to the clinicopathological data. The largest six ovaries resected from five mice were evaluated; the numbers of follicles categorized into five conditions (primordial follicles, primary follicles, secondary follicles, corpus lutea and atretic follicles) were counted. The ratio of Cl-caspase-3 positive cells was also counted.

Animal Study {#S0002-S2007}
------------

The protocol of the present study was approved by the Animal Care and Use Committee of Osaka Medical College. All procedures were approved by the Osaka Medical College Animal Committee and were in accordance with the institutional guidelines for animal welfare and experimental conduct. Six-week-old female BALB/c mice (purchased from Japan SLC, Int.). Three mice were housed per cage. The mice had ad libitum access to sterile food pellets and water. Cyclophosphamide (100 mg/kg) was suspended in 1% saline (Sigma-Aldrich), and was injected into the abdominal cavity 3 times on days 1, 4 and 7. Testosterone (4 mg/kg) was suspended in corn oil at a concentration, and subcutaneously injected 4 times (days 1, 4, 7 and 10). PBS (1 mL) was injected in the abdominal cavity 3 times (days 1, 4 and 7) in the vehicle group. All animals were sacrificed on day 14 and the blood and ovaries were collected and snap-frozen or fixed. The serum anti-Mullerian hormone levels were measured with enzyme-linked immunosorbent assay ([Figure 1](#F0001){ref-type="fig"}). The dosage of cyclophosphamide was decided based on previously published literature.[@CIT0018]--[@CIT0022] Furthermore, cyclophosphamide was injected three times because the aim of this study was to prevent serious dysfunction of the ovary. The dosage of testosterone was also decided based on previously published reports,[@CIT0023] and the serum testosterone level of mice that received testosterone (4 mg/kg) injection four times (days 1, 4, 7 and 10) was 1.04 (0.51--1.11) ng/mL. In previous studies, the serum testosterone level in control mice was 0.19 ng/mL. In contrast, the serum testosterone level in mice with continuous-release pellets containing 10 mg dihydrotestosterone was 1.64 ng/mL, which considered a high concentration of testosterone.[@CIT0016] This is how we decided on the dosages of cyclophosphamide and testosterone for the present study.Figure 1Timeline for the animal study.**Notes:** Cyclophosphamide (100 mg/kg) was suspended in 1% saline, and injected into the abdominal cavity 3 times on days 1, 4 and 7. Testosterone (4 mg/kg) was suspended in corn oil, and subcutaneously injected 4 times (days 1, 4, 7 and 10). PBS (1 mL) was injected into the abdominal cavity 3 times (days 1, 4 and 7) in the vehicle group. All animals were sacrificed on day 14.**Abbreviations:** PBS, phosphate-buffered saline; CPA, cyclophosphamide; Ts, testosterone; i.p., intraperitoneal; s.c., subcutaneous.

Statistical Analyses {#S0002-S2008}
--------------------

All statistical analyses were performed using the JMP software package (version. 14.1.1, SAS Institute Inc., Tokyo, Japan). Continuous variables are expressed as the median and interquartile range or mean ± standard deviation. The results were compared using the Kruskal--Wallis test and Mann--Whitney *U*-test or paired *t*-test, as appropriate. When making multiple comparisons in datasets with continuous variables containing more than two groups, Tukey's honestly significant difference test was used. Statistical significance was defined as p \< 0.05.

Results {#S0003}
=======

Testosterone Inhibits Cyclophosphamide-Induced Apoptosis in COV434 Granulosa Cells {#S0003-S2001}
----------------------------------------------------------------------------------

An MTS assay was performed using various concentrations of cyclophosphamide (0, 1, 10, 100, 1000 μM) and testosterone (0, 10, 100 nM) with or without 10 µM flutamide (a testosterone inhibitor) in order to evaluate the effect of testosterone on the proliferation of granulosa cells treated with cyclophosphamide. The cell viability was decreased at higher concentrations of cyclophosphamide; however, it improved after treatment with testosterone. Furthermore, the improvement disappeared when flutamide was added; we found that COV434 cell growth was suppressed by cyclophosphamide in a concentration-dependent manner, and that testosterone protected against this effect ([Figure 2A](#F0002){ref-type="fig"}).Figure 2Testosterone inhibits cyclophosphamide-induced apoptosis in COV434 granulosa cells.**Notes:** (**A**) The granulosa cells COV434 were treated with various concentrations of cyclophosphamide (CPA; 0, 1, 10, 100, 1000 μM) and testosterone (T; 0, 10, 100 nM) with or without testosterone inhibitor flutamide for 48 hours and then their proliferation was measured by an MTS assay. The cell viability was decreased at higher concentrations of cyclophosphamide; however, it improved after treatment with testosterone. Furthermore, the improvement disappeared when flutamide was added. (**B, C**) The granulosa cells were treated with 100 μM cyclophosphamide with testosterone (Ts; 0, 10, 100 nM) with or without flutamide for 48 hours and apoptotic cells were assessed by a caspase-3 activity assay. (**B**) Representative examples of immunostaining are shown on the left. FITC-labeled cells indicate the presence of apoptosis, and DAPI was used for counterstaining. (**C**) The percentage of apoptotic cells was counted using a FACScan device. Significant differences are indicated by asterisks. \*\*p \< 0.01. (**D**) The expression of apoptotic proteins on Western blotting. The expression of BimEL and cleaved caspase-3 in 100 μM cyclophosphamide-treated cells was inhibited by 100 nM testosterone and was not inhibited by 100 nM testosterone with flutamide.**Abbreviations:** CPA, cyclophosphamide; T0, no testosterone; T10, testosterone 10 nM; T100, testosterone 100 nM; Ts, testosterone; Cl-caspase-3, Cleaved caspase-3; β-actin, beta-actin.

Next, to assess whether the protection of cellular proliferation by testosterone prevented the apoptosis caused by cyclophosphamide, an activated caspase-3 in situ detection assay was performed using 100 µM cyclophosphamide-treated COV434 cells with vehicle (phosphate-buffered saline), 10 nM testosterone, 100 nM testosterone and 100 nM testosterone plus flutamide. As shown in [Figure 2B](#F0002){ref-type="fig"} and C, the percentage of apoptotic cells was 52%, 17%, 4% and 41% in the vehicle-treated, 10 nM testosterone-treated, 100 nM testosterone-treated and 100 nM testosterone plus flutamide-treated cells, respectively. The p values compared to vehicle were 0.005 in 10 nM testosterone-treated cells, 0.003 in 10 nM testosterone-treated cells and 0.7 in 100 nM testosterone plus flutamide-treated cells; the cyclophosphamide-treated cells with testosterone showed significantly less apoptosis than the vehicle- and flutamide-treated cells. [Figure 2D](#F0002){ref-type="fig"} shows the expression of apoptotic proteins on Western blotting. The expression of BimEL and cleaved caspase-3 in 100 μM cyclophosphamide-treated cells was inhibited by 100 nM testosterone and was not inhibited by 100 nM testosterone with flutamide.

The Effects of Testosterone in Mice Treated with Cyclophosphamide {#S0003-S2002}
-----------------------------------------------------------------

We evaluated the effects of testosterone on ovaries of mice treated with cyclophosphamide ([Figure 3A](#F0003){ref-type="fig"}). Five mice were used in each group, including phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone; a total of 15 mice were used. As shown in [Figure 3B](#F0003){ref-type="fig"}, the number of primordial follicles was 38, 24 and 42 in the phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone groups, respectively. The number of primordial follicles in the intra-abdominal cyclophosphamide group was significantly lower than that in the groups that received subcutaneous testosterone (p=0.03) or intra-abdominal phosphate-buffered saline (p=0.04). No significant difference was found between the phosphate-buffered saline group and the cyclophosphamide plus testosterone group. The number of primary follicles was 32, 18 and 21 in the phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone groups, respectively. There were no significant differences in the number of secondary follicles between the phosphate-buffered saline and cyclophosphamide groups (p=0.3), cyclophosphamide and cyclophosphamide plus testosterone groups (p=0.2) or phosphate-buffered saline and cyclophosphamide plus testosterone groups (p=0.5). The number of secondary follicles was 48, 58 and 42 in the phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone groups, respectively. There were no significant differences in the number of secondary follicles between the phosphate-buffered saline and cyclophosphamide groups (p=0.3), cyclophosphamide and cyclophosphamide plus testosterone groups (p=0.2) or phosphate-buffered saline and cyclophosphamide plus testosterone groups (p=0.5), The number of corpus lutea was 8, 3 and 4 in the phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone groups, respectively. There were no significant differences in the number of corpus lutea between the phosphate-buffered saline and cyclophosphamide groups (p=0.07), cyclophosphamide and cyclophosphamide plus testosterone groups (p=0.24) or phosphate-buffered saline and cyclophosphamide plus testosterone groups (p=0.09). The number of atretic follicles was 61, 135 and 66 in the phosphate-buffered saline, cyclophosphamide and cyclophosphamide plus testosterone groups, respectively. The results showed that the number of atretic follicles in the intra-abdominal cyclophosphamide group was significantly higher than that in the groups that received subcutaneous testosterone (p=0.004) or intra-abdominal phosphate-buffered saline (p=0.004). There was no significant difference between the phosphate-buffered saline and cyclophosphamide plus testosterone group (p=0.8). As shown in [Figure 3C](#F0003){ref-type="fig"}, the serum anti-Mullerian hormone level in the cyclophosphamide group was significantly lower than that in the cyclophosphamide with testosterone group (11.2 \[8.9--12.1\] vs 16.2 \[9.7--22.6\] ng/mL, p=0.003) and phosphate-buffered saline group (11.2 \[8.9--12.1\] vs 12.8 \[9.7--22.6\] ng/mL, p=0.03). [Figure 4A](#F0004){ref-type="fig"} shows the immunohistochemical analysis of cleaved Caspase-3 in the mouse ovary. The ratio of cleaved Caspase-3 positive follicles to all follicles in the cyclophosphamide group was significantly higher than that in the cyclophosphamide plus testosterone (48.6% vs 28.4%, p=0.003) and phosphate-buffered saline (48.6% vs.20.3%, p=0.002) groups ([Figure 3B](#F0003){ref-type="fig"}).Figure 3The effect of testosterone in mice treated with cyclophosphamide.**Notes:** (**A**) H&E staining of the ovary of mice treated with phosphate-buffered saline (PBS), cyclophosphamide (CPA) and cyclophosphamide plus testosterone (Ts). There are abundant primordial follicles (black arrows) and a few atresia (white arrows) in the ovaries of PBS-treated mice. In contrast, there are many atresia (white arrows) in the ovaries of CPA-treated mice. A small number of primordial follicles (black arrows) were found. In the ovaries of CPA plus Ts-treated mice, abundant primordial follicles (black arrows) and a few atresia (white arrows) were found. Bar = 100 μm. (**B**) The numbers of follicles categorized into five conditions (primordial follicles, primary follicles, secondary follicles, corpus lutea and atretic follicles) were counted. The number of atretic follicles in the cyclophosphamide group was significantly higher than that in the cyclophosphamide plus testosterone and phosphate-buffered saline groups. The number of primordial follicles in the cyclophosphamide group was significantly lower than that in the cyclophosphamide plus testosterone and phosphate-buffered saline groups. (**C**) The serum anti-Mullerian hormone (AMH) level in the cyclophosphamide group was significantly lower than that in the cyclophosphamide plus testosterone and phosphate-buffered saline groups. Significant differences are indicated by asterisks. \*p \< 0.05, \*\*p \< 0.01.**Abbreviations:** PBS, phosphate-buffered saline; CPA, cyclophosphamide; Ts, testosterone; AMH, anti-Mullerian hormone.Figure 4The immunohistochemical analysis of cleaved Caspase-3 in mouse ovary.**Notes:** (**A**) The expression of cleaved-caspase-3 (Cl-Caspase-3) on immunohistochemistry. There are many follicles in mouse ovaries (black arrows). A large number of Cleave caspase-3-positive cells (white arrows) were found in the follicles of cyclophosphamide (CPA)-treated mice. In contrast, there were fewer Cl-Caspase-3 positive cells in the follicles in phosphate-buffered saline (PBS)-treated mice and cyclophosphamide plus testosterone (Ts)-treated mice. Bar = 100 μm. (**B**) The ratio of Cl-caspase-3 positive cells in the cyclophosphamide (CPA) group was significantly higher than that in the cyclophosphamide plus testosterone (Ts) and phosphate-buffered saline (PBS) groups. \*\*p \< 0.01.**Abbreviations:** CPA, cyclophosphamide; Ts, testosterone; PBS, phosphate-buffered saline; Cl-caspase-3, Cleaved caspase-3.

Discussion {#S0004}
==========

In the present study, the administration of testosterone had the potential to prevent the ovarian damage induced by cyclophosphamide via the protection of granulosa cells from cyclophosphamide-induced apoptosis.

Gonadotropin-releasing hormone analogues have been administered to prevent chemotherapy-related amenorrhea in patients of reproductive age who are undergoing chemotherapy. Gonadotropin-releasing hormone analogues reduce luteinizing hormone and follicle-stimulating hormone, and thereby inhibit the proliferation of granulosa cells and the growth of follicles. Gonadotropin-releasing hormone analogue treatment maintains premature follicles in the ovary. Blumenfeld reported that gonadotropin-releasing hormone analogue treatment prevented premature ovarian failure in young patients with malignant lymphoma who receive chemotherapy.[@CIT0024]

In previous reports, testosterone was shown to enhance follicular recruitment,[@CIT0011] promote follicular growth and development,[@CIT0012] increase the insulin-like growth factor 1 expression in the primate ovary and thus play an essential role in regulating follicular development,[@CIT0013] and increase follicular sensitivity to follicle-stimulating hormone stimulation via androgen receptor;[@CIT0014],[@CIT0015] testosterone is thus essential for normal follicular development. However, high concentrations of testosterone inhibit follicle development through the regulation of follicle-stimulating hormone signaling pathway.[@CIT0016] Follicle growth in the presence of high testosterone concentrations was promoted at the early stage but inhibited at later stages in vitro culture. In cultured granulosa cells, high testosterone concentrations induced cell proliferation.[@CIT0025] Similar to the effects of gonadotropin-releasing hormone, high concentrations of testosterone induced follicle development arrest and maintained premature follicles in the ovary. We previously reported that the high expression of the pro-apoptotic Bcl-2 member BimEL in the follicle was associated with a low serum testosterone level in patients with endometriosis. In vitro, testosterone inhibits apoptosis induced by sex steroid depletion via the PIK3/Akt-FOXO3a pathway in the granulosa cell line.[@CIT0026]

In a randomized control trial of transdermal testosterone for patients with surgical menopause, no apparent side effects except for hypertrichosis were found. The duration of transdermal testosterone therapy was 24 weeks in the present study. Androgen therapy should therefore be evaluated until 24 weeks. Furthermore, given the lack of evidence concerning the efficacy and safety of androgen therapy for more than 24 weeks, androgen therapy should not be continued when patients show no apparent efficacy at 24 weeks.[@CIT0027] Congenital malformations may develop when testosterone is used in women of reproductive age, as in mammals,[@CIT0028] including humans,[@CIT0029] sexes are distinguished by the exposed concentration of testosterone during the prenatal period.

Anti-Mullerian hormone is produced by granulosa cells associated with the primordial to antral follicle; the serum anti-Mullerian hormone level is reflected in the number of follicles.[@CIT0030]--[@CIT0032] The present findings showed that testosterone-treated cyclophosphamide-induced mice had higher serum anti-Mullerian hormone levels than cyclophosphamide-induced mice. These findings suggest that treatment with testosterone prevents the reduction of follicles caused by cyclophosphamide.

The present study was associated with three major limitations that may reduce its value. First, the appropriate concentration of testosterone has not been confirmed. Second, other anticancer agents aside from cyclophosphamide were not evaluated. Thirds, no clinical data or materials were used. As such, our results must be confirmed in further investigations.

Conclusion {#S0005}
==========

Testosterone has the potential to prevent cyclophosphamide-induced ovary damage by protecting granulosa cells from cyclophosphamide-induced apoptosis.
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